Introduction {#Sec1}
============

Although conventional superconductors and cuprates possess definitive Δ(***k***) with $\documentclass[12pt]{minimal}
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                \begin{document}$$d$$\end{document}$-wave symmetry, iron pnictides have multifarious Δ(***k***) comprised of combinations of gaps with- and without zero points (nodes) reflecting their multiple-band nature. An effective method for investigating Δ(***k***) is to measure physical quantities sensitive to low-energy quasiparticle excitations. In this paper, we focus on two of such physical quantities. The first quantity is the temperature-dependent superfluid density $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{{\rm{c}}}$$\end{document}$ is the superconducting-transition temperature). For a single-gap superconductor in the clean limit, $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta =1$$\end{document}$ and 2 when Δ(***k***) contains line-like and point-like nodes, respectively. The situation becomes more complicated in multiple-gap cases because the characteristics of every gap contribute to $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T)$$\end{document}$. The second quantity addressed herein is the magnetic-field dependence of the flux-flow resistivity $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$, which is a finite dissipation induced by quasiparticles bound inside the vortex core where $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{n}$$\end{document}$ is the normal-state resistivity and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$, relates to Δ(***k***) through vortex-core-bound states and increases from unity with increasing anisotropy of Δ(***k***)^[@CR2]--[@CR6]^. Kopnin and Volovik^[@CR7]^ successfully reproduced such an empirical relation between $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha =\langle {\Delta }_{0}^{2}\rangle /\langle {\Delta }^{2}({\boldsymbol{k}})\rangle $$\end{document}$, where Δ~0~ is the maximum magnitude of superconducting gap and $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \cdots \rangle =\int \,{\rm{d}}{S}_{{\rm{F}}}(\cdots )/|\hslash {{\boldsymbol{v}}}_{{\rm{F}}}|$$\end{document}$ is the Fermi surface average. Furthermore, systematic investigations on iron pnictides clarified that the Kopnin-Volovik relation also holds in multiple-gap superconductors at least in a qualitative manner^[@CR8]--[@CR12]^. These results encouraged us to investigate Δ(***k***) more quantitatively, based on $\documentclass[12pt]{minimal}
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Results and Discussion {#Sec2}
======================

Superfluid density and flux-flow resistivity measurements {#Sec3}
---------------------------------------------------------

We investigated the superfluid density and flux-flow resistivity by measuring the microwave surface impedance in the zero-field limit or under finite magnetic field, respectively. Details of measurements and data analysis are presented in Supplementary Information. The superfluid-density fraction, $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T)/{n}_{s}\mathrm{(0)}$$\end{document}$, of LiFeAs saturated to unity below ≈0.25*T*~c~ (Fig. [1a](#Fig1){ref-type="fig"}). This behavior suggests that Δ(***k***) has no nodes, consistent with previous reports^[@CR8],[@CR13],[@CR14]^. As for the flux-flow resistivity, $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ moderately greater than unity (Fig. [1b](#Fig1){ref-type="fig"}), indicating that Δ(***k***) has a finite anisotropy^[@CR8]^.Figure 1Experimental results. (**a**,**b**) $\documentclass[12pt]{minimal}
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                \begin{document}$$\simeq $$\end{document}$0.07*T*~c~) for BaFe~2~(As~1−*x*~P~*x*~)~2~. The thick curves are the results of the two-band model (see the text), and the thin curves are the expected behavior for an isotropic gap with Δ(0)/$\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T)/{n}_{s}\mathrm{(0)}$$\end{document}$ for BaFe~2~(As~1−*x*~P~*x*~)~2~ (Fig. [1c](#Fig1){ref-type="fig"}) did not reach unity, even at $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$ values are (i) a pair-breaking effect due to impurity scattering^[@CR15],[@CR16]^, (ii) a renormalization of the effective Fermi velocity due to quantum fluctuations^[@CR17],[@CR18]^, and (iii) multiple-band nature of the material^[@CR19]^. The first two explanations are unlikely for BaFe~2~(As~1−*x*~P~*x*~)~2~ because the residual dc resistivity of our samples was small (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}) and fractional $\documentclass[12pt]{minimal}
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Summarizing the experimental results, it is expected that LiFeAs has nodeless gaps with moderate anisotropy and that BaFe~2~(As~1−*x*~P~*x*~)~2~ has highly anisotropic gaps containing at least one line-nodal gap. Furthermore, the multiple-band effect should play an essential role. To check these hypotheses concerning the Δ(***k***) of these materials, we evaluated Δ(***k***) quantitatively by fitting the $\documentclass[12pt]{minimal}
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The model we used to fit the data {#Sec4}
---------------------------------

We considered two sheets of Fermi surface composed of one-hole and one-electron pockets as a minimum model. Such a two-band model has been used elsewhere and is justified when the phase of the wave function on each band does not play a crucial role. Hereafter, we use subscript "h" ("e") to specify hole (electron)-like band component. Although unusual phenomena, such as a time-reversal-symmetry-breaking state originating from Josephson-type inter-band interactions among *N*(\>3)-band components^[@CR21]^, may affect on superfluid density and flux-flow resistivity, but considering such exotic contributions is beyond our purpose of this manuscript that to demonstrate a new methodology to evaluate anisotropy of superconducting gaps on multiple-band superconductors from experimentally obtained data. We hope that our attempt in this manuscript will stimulate and promote more sophisticated theoretical researches in the future.

As a model for superfluid density in the $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T)$$\end{document}$, we used two-band extension of the Chandrasekhar-Einzel model developed for a single-gap superconductors^[@CR16],[@CR22]^. That is, the superfluid-density fraction of a two-band superconductor is given by $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$ is a weight factor determined by the Fermi-surface structure (see Section [B](#MOESM1){ref-type="media"} in Supplementary Information). $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s\nu }(T)$$\end{document}$ obviously reflects momentum dependences of superconducting gaps and Fermi surfaces^[@CR22]^.

Regarding the flux-flow resistivity, an explanation of $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ in two-band superconductors were attempted in frameworks of two-band extension of time-dependent Ginzburg-Landau (2band-tdGL) theory^[@CR23]^ and that of a non-equilibrium version of Usadel (2band-Keldysh-Usadel) theory^[@CR24]^. These calculations showed that various values of initial slope $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$, such a calculation needs heavy analytical and numerical calculations. Hence it does not meet our purpose in this manuscript to demonstrate a new approach to evaluate the gap anisotropy in multiple-band superconductors from experimentally obtained superfluid density and flux-flow resistivity.

Instead of deriving a formula for $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ based on rigorous but complicated calculations, we extended a parallel-circuit model for isotropic gaps^[@CR26],[@CR27]^ to anisotropic-gap cases by applying the Kopnin-Volovik relation^[@CR7]^ to each band component. The Goryo-Matsukawa model assumes that the inter-band interaction works to lock the relative phase between two gaps on different bands depending on the sign of inter-band interaction, which leads the situation that two fractional vortices flow together with the same velocity^[@CR26]--[@CR28]^. Such a picture is correct as long as measurements are carried out at low temperature^[@CR26],[@CR27]^ and small driving force^[@CR28]^, and microwave measurements reported in this manuscript meet these conditions. At this time, it is clarified that the flux-flow conductivity ($\documentclass[12pt]{minimal}
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Fitted results {#Sec5}
--------------

The results of the two-band model analysis are plotted as solid curves in Fig. [1](#Fig1){ref-type="fig"}, exhibiting good agreements with the measured data of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${n}_{s}(T\ll {T}_{{\rm{c}}})$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{f}(B\ll {B}_{{\rm{c}}2})$$\end{document}$. The obtained fit parameters and its resolution are presented in Table [1](#Tab1){ref-type="table"} and Supplementary Table [S1](#MOESM1){ref-type="media"}, respectively. The obtained gap anisotropies were reasonable compared to those measured by other probes, as mentioned below, validating our approach to Δ(***k***) determination.Table 1Superconducting gaps estimated by the two-band model analysis.Material$\documentclass[12pt]{minimal}
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                \begin{document}$$|{{\boldsymbol{\Delta }}}_{{\bf{e}}}^{{\bf{m}}{\bf{i}}{\bf{n}}}|$$\end{document}$ProbeLiFeAs~1.7 ± 0.21.1 ± 0.12.6 ± 0.31.8 ± 0.21.9 ± 0.21.4 ± 0.21.9 ± 0.11.8 ± 0.1~ARPES^[@CR31]^~1.9 ± 0.2≈1.3------~STM^[@CR35]^BaFe~2~(As~0.7~P~0.3~)~23.1 ± 0.30.43 ± 0.11.1 ± 0.13.1 ± 0.33.1 ± 0.30 ± 0.33.5 ± 0.32.7 ± 0.3~ARPES^[@CR30]^~3.1 ± 0.41.9 ± 0.4≈0.8≈3.1~ARPES^[@CR34]^BaFe~2~(As~0.55~P~0.45~)~23.7 ± 0.40.51 ± 0.11.7 ± 0.23.7 ± 0.4~Superconducting gaps reported by other probes are also listed for comparison. All values are in units of *k*~B~*T*~c~.

Δ~h~(***k***) and Δ~e~(***k***) of LiFeAs were finite over the entire hole- and electron-like sheets of the Fermi surface (Fig. [3a,b](#Fig3){ref-type="fig"}), and their minima were located in the Γ-M and M-M directions, respectively. A barometer of gap modulation defined by $\documentclass[12pt]{minimal}
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Next, we consider BaFe~2~(As~1−*x*~P~*x*~)~2~ with $\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.3$$\end{document}$ qualitatively. Δ~h~ of BaFe~2~(As~0.7~P~0.3~)~2~ is finite over the entire hole-like sheet similar to LiFeAs, but its anisotropy was remarkably high up to $\documentclass[12pt]{minimal}
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                \begin{document}$$1\,{\rm{meV}}$$\end{document}$) was smaller than the energy resolution of ref. ^[@CR30]^. Thus, the Δ~h~ based on our analysis is consistent with that of ref. ^[@CR30]^ if we assume that the horizontal nodes in Δ~h~ reported in ref. ^[@CR30]^ are actually small minima. Regarding the electron-like band, our result suggested that Δ~e~ has loop-like nodes at the flat parts of the Fermi surface (Fig. [3d](#Fig3){ref-type="fig"}). The emergence of loop nodes is consistent with results of the angle-resolved thermal-conductivity study^[@CR33]^ and the ARPES study^[@CR34]^. In particular, note that the location where the loop nodes appear is almost the same as that suggested in ref. ^[@CR33]^.

Δ~*ν*~ between our calculations and results of other experiments have slight difference in a quantitative manner, and there are two possibilities for this difference; the first one is the difference in sample properties and second origin is additional effects caused by inter-band coupling not included in our model. LiFeAs is sensitive to air and impurities, and characteristics in BaFe~2~(As~1−*x*~P~*x*~)~2~ are sensitive to phosphorus contents. Slight difference in such sample conditions might affect on the value of superconducting gaps. As for the second possibility, our model is the simplest extension of two-band superconductors in the zero inter-band interaction limit to anisotropic-gaps cases. Exotic phenomena, such as the time-reversal-symmetry-breaking state expected in *N*(\>3)-band superconductors^[@CR21]^, and/or non-trivial effects originating from multiple-band components, which were not included in our model, may influence on actual $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${n}_{s}(T)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ in multiple-band superconductors and allow for more accurate evaluation of gap anisotropies in the future.

Finally, we refer to the comparison between BaFe~2~(As~0.7~P~0.3~)~2~ and BaFe~2~(As~0.55~P~0.45~)~2~, where $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T)$$\end{document}$ values clearly differed. Examining the formulae of the two-band model (Section [B](#MOESM1){ref-type="media"} in Supplementary Information), $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T\ll {T}_{{\rm{c}}})$$\end{document}$ is expected to be sensitive to smaller parts of Δ(***k***) while the flux-flow resistivity reflects the square of Δ(***k***) averaged over the Fermi surface. Obtained parameters listed in Table [1](#Tab1){ref-type="table"} show that $\documentclass[12pt]{minimal}
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                \begin{document}$$|{\rm{d}}{\Delta }_{{\rm{e}}}({\boldsymbol{k}})/{\rm{d}}{\boldsymbol{k}}{|}_{{\boldsymbol{k}}\to {{\boldsymbol{k}}}_{{\rm{F}}}}$$\end{document}$ (the slope of Δ~e~(***k***) approaching to gap nodes at the Fermi surface) of BaFe~2~(As~0.55~P~0.45~)~2~ were larger than those of BaFe~2~(As~0.7~P~0.3~)~2~. These values are consistent with the fact that $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{s}(T\ll {T}_{{\rm{c}}})$$\end{document}$ of BaFe~2~(As~0.55~P~0.45~)~2~ changed slowly in comparison with that of BaFe~2~(As~0.7~P~0.3~)~2~. On the other hand, $\documentclass[12pt]{minimal}
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                \begin{document}$${M}_{{\rm{h}},{\rm{e}}}$$\end{document}$ of BaFe~2~(As~0.7~P~0.3~)~2~ and BaFe~2~(As~0.55~P~0.45~)~2~ were close to each other and differences in anisotropy of the Fermi surface between these two compounds are not so remarkable. These characteristics lead each of $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${n}_{s}(T\ll {T}_{{\rm{c}}})$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{f}(B\ll {B}_{{\rm{c}}2})$$\end{document}$ can be understood by the difference in sensitivity of superconducting-gap structure; $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B\ll {B}_{{\rm{c}}2})$$\end{document}$ is sensitive to anisotropy of Δ(***k***). In other words, these results suggest that we can evaluate Δ(***k***) from two independent physical quantities of $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B\ll {B}_{{\rm{c}}2})$$\end{document}$ by using different gap sensitivities.

Conclusion {#Sec6}
==========
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ by using a microwave technique and fitted the data with a phenomenological model developed for two-band systems that considered the Fermi-surface structure. As a result, we found that LiFeAs has nodeless gaps with moderate anisotropy. In contrast, the data for BaFe~2~(As~1−*x*~P~*x*~)~2~ ($\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.3,0.45$$\end{document}$) can be reproduced by a highly anisotropic nodeless gap on the hole-like sheet and another gap with loop-like nodes on the electron-like sheet. These results are consistent with those for Δ(***k***) obtained using other probes and reasonable in quantitatively, thereby validating our combinatorial investigation of $\documentclass[12pt]{minimal}
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Our approach has several advantages over other probes for investigating Δ(***k***); neither $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ measurements require (i) a clean- and uncharged sample surface, unlike ARPES and STS investigations, and (ii) a rotational magnetic-field system for angle-resolved measurements of thermodynamic quantities. Furthermore, these measurements can be performed in a lower-$\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$ region than the typical ARPES measurement, meaning that our approach can be applied to a broader range of superconductors. Thus, we believe that our approach is a novel and powerful method for investigating superconducting-gap structures.

As for further advance of our model, it is expected that an extension of the Keldysh-Eilenberger theory^[@CR25]^ to multiple-band superconductors with anisotropic gaps including effects caused by inter-band interactions will give more precise expression of flux-flow resistivity in multiple-band superconductors. We hope that our approach for gap-anisotropy evaluation based on our phenomenological two-band model for $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ stimulates more sophisticated theoretical studies on it in the future.

Methods {#Sec7}
=======
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                \begin{document}$${T}_{{\rm{c}}}=22.5\,{\rm{K}}$$\end{document}$) were synthesized by self-flux methods^[@CR36],[@CR37]^. These samples exhibited the residual dc resistivity of less than 35 *μ*Ωcm (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}), evidencing the high quality of the samples. $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{f}(B)$$\end{document}$ were obtained from microwave surface impedance measured by using a cavity perturbation technique in the zero-field limit and under finite magnetic fields of up to 8 T, respectively. Detailed information on these procedures is presented in the Section [A](#MOESM1){ref-type="media"} of Supplementary Information.
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